This article examines the influence of sulfur content on the carbothermal reduction of MnO and SiO 2 in SiMn slag by carbon black. The sulfur content in the synthetic slag is varied from 0 to 1.0 wt pct. Reduction experiments are carried out in a thermogravimetric (TG) furnace at 1873 K (1600°C) under CO atmospheric pressure. The reduction rates are measured based on the weight loss data, and the samples are characterized by SEM/EDS and ICP-MS. The wetting property of slag on carbon black is also studied with the sessile drop technique. The reaction rate on the slag-metal interface is one order higher than on the slag-carbon interface. A small amount of sulfur (0.2 and 0.44 wt pct) accelerates the slag-metal reaction rate constant by 2.2 and 4.2 times, respectively. Therefore, small amounts of sulfur in slag significantly improve the reduction of MnO and SiO 2 . The MnS precipitation phenomenon during slag cooling is studied by FactSage simulation and experimental verification.
I. INTRODUCTION
THE industrial production of silicomanganese (SiMn) alloys involves the simultaneous carbothermal reduction of MnO and SiO 2 dissolved in a liquid slag at high temperatures of 1773 K to 1923 K (1500°C to 1650°C). [1, 2] The dominating components of the SiMn slag are MnO, SiO 2 , Al 2 O 3 , CaO, and MgO. MnO and SiO 2 are reduced into a molten alloy solution either by solid carbon in coke or by carbon dissolved in metal according to the following reactions [3, 4] :
SiO 2 l ð Þ þ 2 C s; l ð Þ ¼ Si l ð Þ þ 2 CO g ð Þ: ½2
In recent decades, the kinetics of MnO reduction in the field of ferromanganese (FeMn) production processes, where solid MnO still exists, have been studied extensively. [5] [6] [7] [8] In this process, the activity of MnO is hence much higher than in SiMn slag. [5] [6] [7] [8] It has been observed that stirring has no effect on the kinetics of MnO reduction, while the reduction rate is highly sensitive to temperature. Therefore, it has been concluded that MnO reaction kinetics are not controlled by any transport mechanism but are controlled by chemical reaction. [5, 6] The rate and extent of MnO reduction are affected by the slag chemistry, including concentrations of different oxides and trace elements. In a homogenous liquid slag, higher basicity was found to produce a higher reduction rate of MnO. [6] [7] [8] This finding could be due to the higher driving force given by the effect of CaO and MgO on the activity of MnO or by the effect these oxides have on the viscosity of the slag. SiO 2 reduction is more difficult than MnO reduction and requires higher temperatures. While MnO is reduced by both solid carbon and dissolved carbon in metal, the formation of Si requires a metal phase with low Si activity. [1] A linear relationship between the activity of SiO 2 in the slag and the reduction rate was reported by several investigations, indicating that its kinetics are also controlled by the interfacial chemical reaction. [9] [10] [11] Some trace elements in carbon and ore are known to have important effects on reduction rates as catalysts. The sulfur content is of particular interest. Sulfur is known as a surface-active element and significantly decreases the surface tension of the liquid iron on refractories. [12] [13] [14] [15] Xu et al. [6, 16] observed that the rate of MnO reduction by carbon-saturated iron is decreased with the increase in sulfur content from 0.027 to 0.079 wt pct. It was explained that the effective reaction area decreases due to the adsorption of sulfur in the slag-metal boundary layer. In contrast, other researchers reported a positive effect of small amounts of sulfur on the MnO reduction rate. Skjervheim et al. [8, 17] found that industrial slags are reduced 5 to 10 times faster than synthetic slags with apparently the same composition due to increased sulfur content. The reduction rate of synthetic slag is considerably increased if 0.2 wt pct S is added to the system. Recently, Larssen [18] and Kim [19] also reported similar results for SiMn slag with less than 0.4 wt pct S. Some researchers found that excess sulfur content in the slag ( ‡ 1.0 wt pct) seems to retard the reduction of MnO without a reliable explanation. [20, 21] This study investigates the carbothermal reduction of SiMn slag by carbon black at 1873 K (1600°C) in CO atmosphere. The slags are synthesized with different sulfur contents. The aim of this article is to establish the effects of sulfur content in slag on the rate and mechanisms of MnO and SiO 2 reduction.
II. EXPERIMENT

A. Reduction of SiMn Slag by Carbon Black
The SiMn slag used in this study is synthetic slag with initial compositions of a CaO/MgO weight ratio of 2.5 and a (CaO + MgO)/Al 2 O 3 weight ratio of 1.0. Fine powders of MnO (VWR International, 99.5 pct), SiO 2 (VWR International, 99.5 pct), CaO (Sigma-Aldrich, 99.0 pct), MgO (Sigma-Aldrich, 98.0 pct), Al 2 O 3 (Sigma-Aldrich, 99.0 pct), and FeS (VWR International, 99.9 pct) are used for the synthesis of SiMn slag with different sulfur contents. The powders are weighed and mixed in a plastic jar with zirconia balls for 2 hours. Then, the mixture is transferred to a molybdenum crucible and melted at 1673 K (1400°C) for 20 minutes with an induction furnace in an Ar atmosphere. After cooling in the furnace, the slag is crushed and sieved to different size ranges. A slag sample without sulfur is RM-1. Slag samples with sulfur of 0.2, 0.44, and 1.0 wt pct are RM-2, RM-3, and RM-4, respectively. The compositions of synthetic slags are presented in Table I . The oxide compositions of slag are analyzed by EDS mapping, and the sulfur content is analyzed by ICP-MS. The synthetic slags after melting at 1400°C consist of two different phases, as shown in Figure 1 . The bright area is the olivine ((Ca,Mg,Mn)OAESiO 2 ) phase, and the dark area is the glass matrix. Since the distribution of the olivine phase is uniform in all slags, we apply EDS mapping several times at each slag and calculate the average slag compositions.
The carbon material used in this study is carbon black (Cancarb Limited, ThermaxÒ N990 Ultra Pure). The properties of carbon black listed in Table II are supplied by Cancarb Limited. CO and Ar gas with purity of 99.999 pct are supplied by AGA industrigasser AS (Oslo, Norway) in 50-liter gas cylinders.
Reduction experiments are carried out in a laboratory vertical graphite tube furnace equipped with thermogravimetric (TG) balance, as shown in Figure 2 . Typically, 10 g of slag (with particle size range of 0.5 to 1.25 mm) and 2.5 g of carbon black powder are weighed into a graphite crucible with an inner diameter of 30 mm and depth of 61 mm. Slag and carbon are mixed well in the crucible by stirring. The crucible with a lid is suspended by a molybdenum wire to the balance and positioned in the hot zone of the furnace. The crucible temperature is measured by a type B thermocouple, which is approx. 0.5 cm away from the bottom of the crucible. During the reduction, the CO flow rate is fixed to 0.5 Nl/min. The furnace is heated to 1523 K (1250°C) with a heating rate of 25 K/min, where it is kept for 30 minutes. Then, the furnace is heated to 1873 K (1600°C) at a heating rate of 10 K/min and kept for 60 minutes. The weight loss of a sample is recorded every 5 seconds. After finishing the experiment, the reduced sample is weighed and subjected to further characterization.
B. Wetting Property of Slag
Slag's wetting property on carbon black substrates is also studied. The carbon black powder is pressed into substrate with a diameter of 10 mm with an aerostatic press under 63.7 kg/cm 2 pressure. A horizontal tube furnace is used to study the wetting properties with the sessile drop method. Figure 3 shows the furnace with the element in the center, and the sample holder sitting in the middle of the furnace is normally mounted to the left and the camera lens to the right. The carbon substrate is located in the graphite holder, and a slag particle (approx. 40 mg) is placed on the substrate. During the experiment, the CO gas flow rate is kept at 0.5 Nl/min. The furnace temperature is controlled by a Keller PZ40 two-color pyrometer operating from 900°C to 2400°C and focused on the graphite sample holder. A type C thermocouple is also involved to measure the temperature under 2273 K (2000°C). The sample is heated to 1223 K (950°C) with a rapid heating rate of 300 K/min and followed with a heating rate of 50 K/min to 1473 K (1200°C) and then 10 K/ min to 1873 K (1600°C). A fire-wire digital video camera (Sony XCD-SX910CR) with a telecentric lens (Navitar 1-50993D) is used to record images from the sample at 960 9 1280 pixels. In the experiment, images are captured every 0.5 seconds. The contact angles between slag drop and substrate are measured directly from the image of the drop using Video Drop Shape Analysis software (First Ten Angstroms, Inc., Portsmouth, VA).
C. Slag-Carbon and Slag-Metal Interface Reactivity
Eight experiments are carried out in a TG furnace to calculate the influence of sulfur content on the slag-carbon and slag-metal interface reaction rates. A schematic view of the experimental setup is shown in Figure 4 , and the experimental conditions are summarized in Table III . In all experiments, 40 g of manganese chips (Sigma-Aldrich, 99.0 pct) is first weighed in a graphite crucible (inner diameter 30 mm, deep 61 mm) and melted at 1673 K (1400°C) for 20 minutes in the atmosphere of Ar. In the MC-1, MC-3, MC-5, and MC-7 experiments, a layer of Mo sheet with 0.15 mm thickness is inserted into the crucibles with melted metal to cover the slag from the graphite crucible wall. Hence, the reaction between the slag and graphite crucible is stopped. In MC-2, MC-4, MC-6, and MC-8 experiments, no Mo sheet is used, and the graphite crucible will also be a reductant. Twenty-five grams of slag powder is added to the crucible. The crucible is heated to 1523 K (1250°C) in the TG furnace at a heating rate of 20 K/min, then to 1873 K (1600°C) with a heating rate of 10 K/min and then maintained for 30 minutes. The gas atmosphere is CO with a gas flow rate of 0.5 NL/ min. The sample weight loss is recorded every 5 seconds.
D. Sample Characterization
The crucibles containing reacted slag are casted using Epoxy resin and then cut to expose the slag and metal. The samples are ground and carefully polished and coated with carbon film to enhance conductivity during SEM/EDS observation. SEM images are recorded by field-emission scanning electron microscopy (FESEM, Zeiss Ultra 55 LE, Oberkochen, Germany) operated at 15 KV. The chemical composition of the slag is analyzed by energy-dispersive X-ray spectrometer (EDS) point or mapping analysis.
The sulfur content in the slag sample is determined by inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 8800, Santa Clara, United States). Before analysis, approximately 30 mg of sample powder was weighed and dissolved in a 1.5 HNO 3 + 0.5 HF acid mixture. Then, the liquid is diluted to 216 ml with de-ionized water in a calibrated flask. Blank samples are prepared in a similar manner to monitor contamination during the entire analytical process. Each sample is analyzed three times for multiple replicates, and the average results are calculated.
E. Thermodynamic Calculations
In this study, the activity of MnO in the slag (a MnO ), the activity of SiO 2 in the slag (a SiO 2 ), the activity of Mn in the metal (a Mn ), and the activity of Si in the metal (a Si ) are calculated by Eqs. [3] , [4] , [5] , and [6] , respectively. These equations are obtained by activity data collection from FactSage 7.0 software [24] and linear fitting. [25] a MnO ¼ C MnO Á expð0:0007576T where C MnO ; C SiO 2 ; C CaO ; C MgO ; andC Al 2 O 3 are the mass fractions of MnO, SiO 2 , CaO, MgO, and Al 2 O 3 in the slag phase, and C Mn ; C Si ; C Fe ; and C C are the mass fractions of Mn, Si, Fe, and C in the metal phase, respectively.
III. RESULTS
A. Reduction of SiMn Slag by Carbon Black
Reduction of SiMn slag with different sulfur contents is carried out in a TG furnace in a CO atmosphere. The weight loss vs time for different charges is presented in Figure 5 , and the temperature profile is also shown. The temperature rapidly increases to 1523 K (1250°C) and is held for 30 minutes to ensure the completion of slag melting and prereduction of Fe 2+ , which is called the prereduction stage, as described by Reactions [7] , [8] , and [9] 
Subsequently, the temperature increases to 1873 K (1600°C) and is held for 60 minutes. The weight loss is not visibly different between different slags at temperatures below 1873 K (1600°C). However, in the isothermal stage, slag samples with sulfur show faster reduction rates than RM-1. The final weight loss of RM-1 is 1.44 g. It increases to 1.84 g with 0.2 wt pct S and 2.55 g with 0.44 wt pct S. However, RM-4 slag with 1.0 wt pct S shows the opposite trend, and its final weight loss decreases to 2.33 g. The weight loss curves indicate that sulfur increases the reduction rate, and there is an optimal sulfur content.
The slag composition is measured by EDS point analysis. Each slag sample is analyzed at least 6 times at different spots, and the slag compositions are summarized in Table IV . The MnO content drops to 11.5 wt pct when the initial sulfur content is 0.44 wt pct and increases to 14.9 wt pct with more sulfur (1.0 wt pct) in the slag. However, the SiO 2 content shows insignificant changes with the increase in sulfur content.
The calculated metal produced and composition based on slag compositions are presented in Table V . It is assumed that the total amount of CaO, MgO, and Al 2 O 3 in the slag is constant before and after reduction. The metal produced also has a similar trend with final weight loss in Figure 5 . The metal produced in RM-3 is more than double RM-1. The Mn content in metal decreases with the increase in sulfur content due to the increase in Si and Fe contents. It is interesting to note that the calculated data are usually more reliable than measured metal compositions by EDS, as the produced metal phase always randomly separates into two phases during solidification, as shown in Figure 6 . The bright phase is the (Mn,Fe) 33 Si 7 phase, and the dark phase is the (Mn,Fe) 5 Si 3 phase, as shown in the Mn-Si phase diagram. Figure 7 presents the SEM images of RM-1 and RM-2 slag samples collected after reduction at 1873 K (1600°C) with 1000 times magnification. Both of them contain some metal drops in the slag matrix confirmed by EDS point analysis. The SEM images of RM-3 slag after reduction are shown in Figure 8 . Figure 8 Figure 9 and indicate that the metal drop mainly contains Mn, Fe, and Si, and there is MnS precipitation on its outer layer. RM-4 slag also contains a large amount of MnS precipitation phase, as shown in Figure 10(a) . It appears that their sizes are larger in RM-4 than in RM-3 slag, as shown in Figures 10(b) and (c) , respectively. The MnS phase is believed to be precipitated during cooling, and this finding will be further discussed in Section IV-A.
B. Wetting Property of Slag
The wetting property of slag on carbon black substrate is studied with a sessile drop furnace in the range of 1523 K to 1873 K (1250°C to 1600°C) at a heating rate of 10 K/min. The contact angle is the inner angle between the liquid-atmosphere interface and the liquid-solid interface. Figure 11 shows the change in the contact angle of different slags with temperature and time. The top right inset in Figure 11 shows the RM-3 slag on carbon black at 1873 K (1600°C). As observed, carbon black is not wetted by the slag, and the contact angle is very high at all temperatures. For RM-1 slag, no significant change in the contact angle with the increase in temperature is observed, and the slag drop rolled off the substrate at 1827 K (1554°C). The slag drop is easily moved on the substrate due to the poor wetting and gas generation on the slag-carbon interface. The sulfur-containing slags reduce the contact angle with increasing temperature from 1523 K to 1873 K (1250°C to 1600°C). The total changes in contact angle for RM-2, RM-3, and RM-4 are 4.5 deg, 7.6 deg, and 7.0 deg, respectively. This finding may be due to the increasing wettability of the slag and carbon black or/ and the reduction of MnO. As shown in previous research results, the slag surface tension decreases slightly with decreasing MnO content. [27] It is also noted that the contact angles of slags with sulfur are all lower than RM-1, which indicates that sulfur may improve the wetting property. However, connections between the sulfur content and slag contact angle on carbon black are not observed.
The contact area of the slag drop with carbon black increases with decreased contact angle as described by Eq. [10] . The unit contact area is calculated by dividing the measured contact area by the measured sessile volume and presented in Figure 12 . The unit contact area of slags with sulfur increases from 79.6 to 93.1 pct compared to RM-1 slag at 1873 K (1600°C). This contact area may significantly accelerate the reaction rate between slag and carbon black.
where S is the contact area of the slag drop; r is the radius of slag drop; h is the contact angle.
C. Slag-Carbon and Slag-Metal Interface Reactivity
MnO and SiO 2 dissolved in slag are reduced to molten metal either by solid carbon or by carbon dissolved in metal. The former is defined as the slag-carbon interface reaction, and the latter is defined as the slag-metal interface reaction. The slag reduction described in Section III-A combines both slag-carbon and slag-metal interface reactions. Therefore, eight experiments are performed in the TG furnace at 1873 K (1600°C) to study the effect of sulfur on slag-carbon and slag-metal interface reactivity, respectively. Carbon black is not used in these experiments because carbon black will float on the surface of molten slag and make it difficult to calculate contact area. To study the interface reaction between slag and carbon, a graphite crucible and carbon black powder are considered the same.
The reduction curves of the four experiments are presented in Figure 13 . The RM-1 slag-metal reaction rate is calculated directly from MC-1 TG curve. The weight loss over 30 minutes holding time is used to calculate the average reduction rate. The MC-2 TG curve is a combination of RM-1 slag-carbon and slag-metal reactions. Therefore, the RM-1 slag-carbon reaction rate is obtained by deducting the MC-1 reduction rate from the MC-2 reduction rate. The slag-metal and slag-carbon reaction rates of other slags are similarly calculated using their TG curves. The metallic prills are rare in the slag phase due to the relatively low reduction. Large amounts of metallic prills are not observed in the slag after reduction, similar to the morphologies shown in Figure 7 . Therefore, the reaction between metallic prills and slag can be ignored. The reactivity calculations are summarized in Table VI . The slag-carbon reaction surface area in experiments using a graphite crucible is 9.42 cm 2 , and the estimated slag density is 3.1 g cm À3 assuming it remains constant during reduction. [1] The slag-carbon reaction surface area in experiments using a graphite crucible with Mo wall is zero. The slag-metal reaction surface area in all experiments is 7.07 cm 2 assuming that melted metal covers the bottom of the crucible. The slag-metal reaction rate constant (k s-m ) is one order higher than the slag-carbon reaction rate constant (k s-c ) for all slags. The k s-m is accelerated 2.2 times using RM-2 slag and accelerated 4.2 times using RM-3 slag. However, more sulfur (1.0 wt pct) reduces the k s-m to 3.9 9 10 À3 g/min cm 2 . The effect of sulfur on the k s-c is not obvious, possibly because the reaction rate between slag and C is low, and the calculation error cannot be ignored. 
IV. DISCUSSION
A. MnS Precipitation Process
A large amount of MnS precipitation is observed in RM-3 and RM-4 slag after reduction (Figures 8 and 10 ) but not in RM-2 slag (Figure 7) . Whether the precipitation process occurs during reduction at 1873 K (1600°C) or during slag cooling is very important. Therefore, ternary phase diagrams of MnS-MnO- Figure 14 shows the phase diagrams of the above system at 1873 K (1600°C), where the reduction paths of RM-3 and RM-4 are also marked. It is clear that in the isothermal stage at 1873 K (1600°C), RM-3 and RM-4 do not enter into the MnS precipitation zone due to the low MnS wt pct.
The effect of temperature on the MnS precipitation zone is presented in Figure 15 . The MnS precipitation zone expands with the cooling process from 1873 K to 1473 K (1600°C to 1200°C), and the precipitation line is closer to the bottom of the ternary phase diagrams. For a given slag composition, lower temperature is favorable for MnS precipitation. Figure 16 shows the effect of MnO content on the MnS precipitation line, where the data form Figure 17 , and the MnS wt pct is converted to S wt pct. In the temperature range of 1473 K to 1773 K (1200°C to 1500°C), for a given sulfur content in the slag, lower MnO content is favorable for MnS precipitation. At 1873 K (1600°C), MnS precipitation only occurs when the sulfur content is higher than 4.71 wt pct, which far exceeds sulfur content in industrial slags. [17] At 1473 K (1200°C), the sulfur content at the MnS precipitation point dropped from 1.29 to 0.12 wt pct when MnO content decreased from 40 to 5 wt pct. This drop indicates that the reduction process promotes MnS precipitation during slag cooling. As the liquidus temperature of SiMn slag is below 1573 K (1300°C), [1] the phase diagram at 1473 K (1200°C) is used to describe the final slag phase after cooling. The partially enlarged phase diagram of the MnS-MnO-SiO 2 -Al 2 O 3 (SiO 2 /Al 2 O 3 = 1.8) system at 1473 K (1200°C) is shown in Figure 17 . The slag compositions of 10 experimental points are marked as red spots. The conditions and results for the 10 experimental points are listed in Table VII . For RM-3 and RM-4 slag, experiments stopped at different holding times at 1873 K (1600°C). The slags collected from Experiments a, b, c, f, and g, i.e., the red spots below the line, do not contain MnS precipitation in their SEM images. For the spots above the line, MnS precipitation is observed in the corresponding slag images. SEM images of d, h, and j slag containing MnS precipitation are also shown in Figure 17 . SEM images of e and k slag are previously presented in Figures 8 and 10 , respectively. The experiment results fit well with the calculation phase diagram.
B. Reduction Kinetics
Previous studies have shown that the reduction rate of MnO can be described by Eq. [11] . [1, 28] Assuming that the SiO 2 reduction in the SiMn slag system is also controlled by chemical reaction, a similar kinetic model for SiO 2 reduction can be modeled with Eq. [12] . [22, 25] 
where R is the reduction rate (g/min), k is the rate constant (g/min cm 2 ), k o is the frequency factor, A c is the interfacial area (cm 2 ), E is the activation energy (kJ/mol), R is the gas constant, T is the temperature, a MnO , and a SiO 2 are the activities of MnO and SiO 2 in the slag phase, a Mn and a Si are the activities of Mn and Si in the metal phase, p CO is the partial pressure of CO(g), and K T is the equilibrium constant at temperature T.
The reduction rate as a function of time is calculated by the differential of the weight loss curves as shown in Figure 18 . The driving forces for MnO and SiO 2 reduction vs time are calculated in the increasing temperature stage (every other 50 K from 1573 K to 1873 K (1300°C to 1600°C)) and the isothermal stage (every 10 minutes) and presented in Figure 19 . Slag composition at each point is calculated based on the weight loss data shown in Figure 5 and assuming that both MnO and SiO 2 reduction contribute 50 pct to the weight loss. It is worth pointing out that the contribution of SiO 2 reduction is less than 50 pct in actual performance. It is calculated to be 38.2, 40.4, 45.2, and 44.6 pct for RM-1, RM-2, RM-3, and RM-4, respectively, based on the final slag compositions shown in Table IV . While the number at each point is assumed to be 50 pct for greatly reducing the number of experiments, it does not affect the trend of the driving force of MnO and SiO 2 . a MnO , a SiO 2 , a Mn , and a Si are calculated by Eqs. [3] , [4] , [5] , and [6] , respectively. All slags show an increasing trend for the MnO driving force with the increase in temperature and follow a decreasing trend in the isothermal stage due to the drop in MnO activity in slag with reduction. In the RM-3 slag, the driving force decreases fastest due to having the highest reduction rate. For the SiO 2 reduction, all slags show an almost invariable driving force during the reduction process, and their driving forces are close to each other except the dot of RM-1 at 1573 K (1300°C). The reason may be that SiO 2 content changes slightly during reduction, as shown in Table IV . The reported activation energy for the carbothermal reduction of MnO ranges from 332 to 407 kJ/mol, [7, 8, 28, 29] and for the carbothermal reduction of SiO 2 , the range is 796 to 870 kJ/mol. [22, 25, 30] Therefore, the reduction of MnO and SiO 2 is highly sensitive to temperature. The RM-1 reduction rate curve in Figure 18 shows a unimodal curve. The reduction rate of RM-1 increases with the increase in temperature and reaches a peak at 1873 K (1600°C), then decreases rapidly with the extension of holding time and increased reduction. In the increasing temperature stage, the rate constant increases dramatically with the increase in temperature, the contact area remains constant, the driving force for MnO increases from 0.10 to 0.17, and the driving force for SiO 2 increases from 0.09 to 0.12. The RM-1 slag reduction curve in the isothermal stage is quite similar to a previous study of MnO reduction curves, [5, 7, 31] in which the reduction rate drops rapidly due to the decrease in driving force in the homogenous liquid slag.
In Figure 18 , slags with sulfur show similar reduction curves to RM-1 in the increasing temperature stage. They show, however, different curves in the isothermal temperature stage. Their reduction rates do not decrease with the decrease in slag activity but increases to higher levels. Among them, RM-3 slag shows a significantly higher reduction rate compared to RM-1 slag.
In the increasing temperature stage, the metal produced in the system is low. Therefore, the slag-carbon interface reaction dominates slag reduction in this stage. Although the contact area between carbon black and slag with sulfur is significantly higher, as described in Figure 12 , the effect of sulfur on slag-carbon reaction rate constant (k s-c ) is unconfirmed as described in Table VI. In the isothermal stage, with the increased amount of metal produced, the contact area between slag and metal keeps increasing. The other fact is that k s-m is much higher than k s-c . Therefore, the slag-metal interface reaction becomes increasingly important. Sulfur is confirmed to produce greater acceleration on the k s-m . This increased acceleration may explain the reduction curves of slag with sulfur in the isothermal stage.
V. CONCLUSIONS
The reduction of SiMn slags with different sulfur contents is studied at 1873 K (1600°C) under CO atmospheric pressure. Sulfur does not have an obvious effect on the contact angle of slag on carbon black, with sulfur content varying from 0.2 to 1.0 wt pct. However, the unit contact area increases significantly for the slag with sulfur. It is confirmed that small amounts of sulfur in slag significantly improve the reduction of MnO and SiO 2 . The reaction rate on the slag-metal interface is much higher than on the slag-carbon interface, and sulfur has greater acceleration on the former interface. 148-VOLUME 50B, FEBRUARY 2019 MnS precipitation is generated in RM-3 and RM-4 slag during slag cooling. For a given slag composition, lower temperature and higher sulfur content are favorable for MnS precipitation. For a given sulfur content and temperature, lower MnO content is favorable for MnS precipitation.
